Background: Male breast cancer (MBC) is a rare disease and little is known about its etiopathogenesis. Array comparative genomic hybridization (aCGH) provides a method to quantitatively measure the changes of DNA copy number and to map them directly onto the complete linear genome sequences. The aim of this study was to investigate DNA imbalances by aCGH and compare them with a female breast cancer dataset.
Introduction
Male breast cancer (MBC) is a rare pathology representing about 1% of breast cancers (BC) [9] . The prevalence of MBC increases with age and its susceptibility may result from rare mutations in high penetrance genes such as BRCA1 and BRCA2, in particular BRCA2 (4-40%) more than BRCA1 (4%) mutations [8] . Other genes seem to be involved in MBC such as PTEN which results mutated in 22% [31] , and other low penetrance genes such as CHEK2, mutated in 9% of MBC cases [8] . In families with CHEK2*1100delC variant, the risk of MBC was reported as ten times greater than normal [8] . Interestingly, the contribution of the CHEK2*1100delC mutation to BC predisposition varies by ethnic group and from country to country [4, 14] .
In spite of the above mentioned genes seem to confer susceptibility to functional MBC, the genetic causes of this pathology are not well known. To date, the reports documenting genome-wide copy number changes by CGH on metaphase in MBC have shown similarity in the pattern of imbalances with respect to the chromosomal alterations described in female breast cancers (FBC) [1, 17, 25] suggesting a common etiology for the disease process in both sexes. Moreover, many of the genetic aberrations shared by MBC and FBC are common to other epithelial cancer types [10] . This is surprising, considering the different hormonal milieu in which the tumor develops and the established role of estrogens in promoting BC development and progression [5] .
Array Comparative Genomic Hybridization (aCGH) is a technique for obtaining an alteration profile in terms of gain and loss of chromosomal regions [20, 24] .
Since the resolution of the arrays has improved over the years, array CGH has become a powerful tool. It permits high-resolution detection of DNA copy number imbalances, as well as to map such copy number alterations throughout the genome besides the identification of genes mapped at the amplified/lost chromosomal regions and the frequency of alterations of specific genes involved in hereditary breast cancer [16] .
The computational analysis of the experimental data involves the preprocessing of raw microarray data, aligning data with genome location, identification of altered chromosomal segments, assignment of a copy number state to each segment and highlighting of regions repetitively changed across several experiments.
The present paper focuses on the characterization of DNA imbalances in a set of 25 MBC samples analyzed by high-resolution CGH arrays in order to detect DNA copy number aberrations (CNAs). These results have been then compared with a female breast cancer dataset deposited with the Gene Expression Omnibus.
Materials and methods

Patients enrolment
Male patients affected by breast cancer have been consecutively selected for this retrospective study: 20 received the primary diagnosis of breast cancer at the NCC of Bari, while 5 at Regina Elena Institute of Rome, Italy.
Patients were informed about the aims and limits of this type of study before giving their written consent. DNA was extracted from peripheral blood and mutation analysis for whole BRCA1 and BRCA2 genes was performed utilizing dHPLC as a pre-screening analysis and automatic DNA sequencing for the identification of specific alterations, as previously reported [27] . All but 3 patients failed to show any abnormality in the BRCA1 and BRCA2 genes, one had germline mutation in BRCA1 and two in BRCA2.
The mean age of the patients at diagnosis was 58 years (range 38-78). All the tumors were invasive carcinomas and none of the carcinomas had been treated by chemotherapy or radiation therapy prior to resection. aCGH analysis was performed on the DNA from fresh frozen tumor tissues.
DNA extraction and aCGH analysis
Genomic DNA was extracted from 20 mg of frozen tumor tissues using the DNeasy tissue kit (Qiagen). Before extracting DNA, specimens underwent macrodissection on the basis of a specular specimen coloured by HE and controlled by a pathologist to present more than 70% of neoplastic cells. The reactions were checked on 0.8% agarose gel and the DNA obtained was quantified by spectrophotometry (Nanodrop, Celbio).
aCGH was performed using the Agilent Human Genome CGH Microarray Kit 44B and the Agilent Human Genome CGH Microarray Kit 44K (Agilent Technologies, Santa Clara, CA, USA). Data have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE23891 (http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc=GSE23891).
Both the used platforms are high-resolution oligonucleotide based microarrays that allow genome-wide survey and molecular profiling of genomic aberrations with a resolution of about 100 kb. Labelling and hybridization were performed following the protocols provided by Agilent. Briefly, 500 ng of purified DNA of a patient and of a control were double-digested with RsaI and AluI for 2 h at 37 • C. After 20 min at 65 • C, DNA of each digested sample was labelled by the Agilent random primers labelling kit for 2 h using Cy5-dUTP for the patient DNA and Cy3-dUTP for the control DNA. Labelled products were column purified and prepared according to the Agilent protocol. After probe denaturation and pre-annealing with 50 µg of Cot-1 DNA (Invitrogen, Carlsbad, CA, USA), hybridization was performed at 65 • C with rotation for 40 h. After two washing steps, the arrays were analyzed with the Agilent scanner and the Feature Extraction software (v8.0; v9.1.3). Graphical overview was obtained using the CGH analytics software (v3.1; v3.4).
Microarray data analysis
Array-based CGH data analysis was performed with Nexus Copy Number 5.0 software (Biodiscovery, Inc., El Segundo, CA, USA). This software uses the Rank Segmentation algorithm, a proprietary variation much faster at processing, on Circular Binary Segmentation (CBS) developed by Adam Olsen [18] , together with the statistical Significance Testing for Aberrant Copy number (STAC) method, developed at the Penn Center for Bioinformatics at the University of Pennsyl-vania, to identify non-random genomic amplifications and deletions across multiple experiments [6] .
We used the modified CBS algorithm to improve the processing speed. It uses a normal distribution function to test for changing points as opposed to the original algorithm based on non-parametric permutation. It is a recursive algorithm that keeps dividing the genome into smaller and smaller segments until no region can be further segmented. The result is to segment the genome into clusters of uniform ratios. The algorithm has a single parameter called Significance Threshold that controls if a region is to be segmented out or not. At the completion of the segmentation process, the entire genome can be represented as a series of segments and each segment having a cluster value which is the median log-ratio value of all the probes in that region. The calling algorithm then uses the cluster values and the user defined threshold to establish regions of copy number variations.
According to this algorithm, two regions are considered different when p-values are lower than 1.0E-6. Genomic regions of gains are defined as averaged log 2 CGH fluorescence ratio 0.2 and losses as averaged log 2 CGH ratio −0.2. log 2 ratios 0.6 are considered as high copy number gains and log 2 ratios −1 as big copy number losses.
Frequency significance testing, instead, helps to identify the areas of the genome where there is a statistically significant high frequency of aberrations over the "background" level. The algorithm identified a set of aberrations that are stacked on top of each other such that it would not occur randomly. To find these events, the aberrations were permutated in each arm of each chromosome to see how likely it was for an event to occur at any location at a particular frequency. We have used a p-value cut-off of 0.05 and highlighted those areas that met the given p-value.
To attain a further biological knowledge about the aberrant regions of our samples we performed an enrichment analysis on the selected regions. The enrichment analysis identified GO terms that were significantly overrepresented and the genes annotated with these terms within the aberrant region. To perform this, we have considered two p-value measures: the standard p-value, where the probability of a particular gene being present in the set was treated independently of all others, and the Markov process p-value (MP p-value), a BioDiscovery proprietary algorithm that takes into account the relative location of the genes in the genome when estimating the probability. Each chromosome was modeled as a Markov process which allows the p-value to take into account how close the genes were on the chromosome such that a cluster of genes participating in a single event will not get as high a significance value.
To integrate our analysis, we compared our dataset with a female breast cancer dataset (GSE12659) deposited with the Gene Expression Omnibus (http://www. ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12659), to which the same algorithms have been applied [32] . Among datasets available online this has been chosen being, in our opinion, the most comparable to ours in terms of number of cases and platform of analysis. Our aim was to evidence any chromosomal regions differently altered in female and male breast cancer even if female dataset contains all basal like breast cancer while male dataset has 80% ER and 60% HER-2 positive.
Results
All 25 male and 16 female breast cancer samples (GSE12659) displayed some chromosomal instability (Fig. 1) . However, female presented a higher frequency of genetic alterations both in terms of loss and gains. These data are summarized in Table 1 . Each male patient presented an average rate of 68 aberrations. Amplifications were prominent in chromosome 7 (50%), 11 (50%), 16 (40%) and X (70%). Chromosomal deletions were more frequent on chromosome 1 (60%), 2 (70%), 4 (50%), 5 (40%), 14 (53.33%), 15 (46.66%), 19 (40%), Y (40%). The aberrations were unequally distributed among patients, with four of them presenting less than ten aberrations. The number of aberrations did not seem to depend on the age of the patients, since patients 15 and 24, the youngest of the group (38 years old), have 83 and 66 aberrations respectively, while patients 1, 3, 4 and 9 with the fewest number of aberrations are 54, 71 and two are 63 years old.
In the female dataset (GSE12659), an average of 110.93 aberrations has been found: amplifications were more recurrent on chromosome 1 (85.5%), 2 (68.75%), 3 (68.75%), 8 (43.75%), 11 (56.25%), 17 (56.25%), 20 (50%). Deletions were more frequent in chromosome 2 (43.75%), 3 (62.5%), 7 (50%), 15 (81.25%), 16 (50%), 17 (68.75%). Table 2 shows the specific chromosomal regions more frequently altered between male and female patients (p < 0.05). Regions 2p22.3 and 15q15.1 seemed to be significantly highly frequent in both male and female datasets; while, all other evidenced re- gions resulted specifically altered in male or in female group.
Hereditary breast cancer genes
Since male breast cancer may be considered to present hereditary characteristics, the frequency of alterations of specific genes involved in hereditary breast cancer susceptibility has been investigated. Frequency of alteration of these genes in the 2 datasets is reported in Table 3 . BRCA2 resulted more deleted in male than in female series (50 vs. 25%, respectively), while BRCA1 was more frequently amplified in male group (30 vs. 12%, respectively). ATM, CHEK1, CHEK2 and PgR genes never resulted amplified in male BC, while ERBB2, KLF6, KLF10 and MYC never resulted deleted. ERBB2 was amplified in 30% of samples and MYC in 53.33%.
Gene ontology analyses
The enrichment analysis to identify GO terms significantly overrepresented in the aberrant regions evidenced different biological processes preferentially activated in male and female (p < 0.01): the most significant altered regions in male contained genes involved in cell communication, cell division and immunological response, while cell-cell junction maintenance, regulation of transcription and neuron development in female.
Discussion
We used high-resolution CGH microarrays to profile chromosomal aberrations in a set of MBC samples. It is well known that, as occurs in most solid tumors, MBC progression to malignancy is the result of a multistep process in which genomic DNA alteration plays a very important role, affecting gene expression of downstream key cellular processes. The application of DNA microarray technology to the conventional CGH technologies permits to achieve a reliable highresolution mapping of unbalanced genetic alterations, including DNA gains and losses [30] . Moreover, the identification of the impact of DNA copy number aberrations on gene expression allows new knowledge on the pathology of these tumors as well as it opens the way to the detection of new diagnostic and/or prognostic markers [2, 13] .
We conducted the analysis on the whole genome to better evidence the genomic regions involved in breast carcinogenesis and, in particular, in hereditary breast cancer. We compared the findings on our series (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSE23891) with those found on a female breast cancer dataset deposited with the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSE12659) [32] .
An average of 69 aberrations were found in the male tumors strengthening the role of chromosomal instability even if less than in the female series (mean = 111). An equal distribution between gain and loss regions was present pointing towards a high role for both oncogenes activation and tumor suppressor genes deactivation in MB carcinogenesis. MBC alterations targeted chromosomes 1, 2, 4, 7, 11, 14 and X in more than 50% of the cases, while chromosomes 1, 2, 3, 7, 11, 15, 16, 17 and 20 were altered in more than 50% of the female series. Our data strengthens the reports of Rudlowski et al. [21] , who found similar imbalances between male and female BC with a less sensitive CGH. CNAs have been demonstrated to determine cancer predisposition in most high risk cancer syndromes. Among CNAs alterations we focused our attention on those belonging to regions including genes usually linked to breast cancer biology [14] .
MBC predisposition may result from germline mutations in BRCA2 and, at lower extent, in BRCA1 genes [26] . The frequency of BRCA1/BRCA2 mutations ranges from 4 to 40% for BRCA2 and up to 4% for BRCA1, being higher in the presence of founder effects [9, 19, 27] . Although BRCA1/BRCA2 mutations are more frequent among MBC cases with a positive BC family history (FH), they have also been reported among FH-negative MBC patients [10, 11] .
A somatic loss of the remaining BRCA wild-type allele confers the malignant breast cancer phenotype. As expected in our series, somatic BRCA2 was deleted in 50% of samples, much more than BRCA1 (20%). The large percent of copy number aberrations of BRCA2 observed in tumor cells supports the hypothesis that the protein product is involved in maintaining appropriate chromosome segregation and/or chromosomal repair. The high number of genetic defects detected in BRCA2 carriers indicates that germline mutation of these genes results in an accelerated accumulation of secondary somatic genetic changes in the tumors. This acceleration could explain the aggressive phenotype of tumor growth in tumors from BRCA2 carriers, as breast cancers associated with the BRCA2 mutation are high grade tumors with a rapid proliferation rate [1] . The chromosome defects in BRCA2 tumors are likely to be helpful in the understanding of the somatic genetic progression pathways that contribute to the development of malignancy in genetically predisposed individuals.
Several studies identify PALB2 as a moderate penetrance breast cancer susceptibility gene [22, 23] , accounting for about 1% of BRCA1/BRCA2 negative familial early onset BCs. Loss of somatic PALB2 locus resulted two folds higher in our MBC series than in FBC series suggesting that this gene may be specifically involved in MBC risk.
Truncating and missense mutations in the ATM gene, which cause insufficient DNA damage surveillance, allow damaged cells to proceed into mitosis, which possibly results in increased cancer susceptibility. Various missense mutations in ATM have been associated with breast cancer in case-control studies [7] . In our series ATM is deleted in 40% of samples, according with the increased cancer susceptibility. Amplification of the two oncogenes ERBB2 and C-MYC and inactivation of the tumor suppressor gene P53 are frequent in breast carcinomas [1] . In the present series of MBC, the amplification of ERBB2 in 30% of patients, of MYC in 53.33% and deletion in 26.67% of TP53 was then expected, confirming the role of the two oncogenes and of the tumor suppressor in human breast carcinogenesis.
Mutation of the CHEK2 gene has also been associated with a high risk of breast cancer, especially MBC; CHEK2 encodes a cell-cycle checkpoint kinase implicated in DNA repair processes involving BRCA1 and p53 [15, 28] . A study by the CHEK2 Breast Cancer Consortium observed that CHEK2*1100delC, a truncating variant that abolishes the CHEK2 kinase activity, results in approximately twofold increase of breast cancer risk in women and a tenfold increase of risk in men [15] . Somatic CHEK2 loss of heterozygosity is present in sporadic such as familial breast cancer suggesting this gene to be a classic suppressor gene. In our dataset, 50% of samples CHEK2 results deleted, while in the female dataset there is a 37% of deletion and 25% of amplifications. Other genes, such as KLF family member, seem to play a critical role in the growth and metastasis of numerous tumor types, at least in part by regulating the expression of cell-cycle genes, but they should be further investigated [3] .
The present data confirmed the polygenic model of hereditary breast cancer susceptibility, stressing the role of particular genes in MBC. The concordance between the results obtained and the expectation as most of the over-expressed and under-expressed genes mapping at amplified and deleted chromosomal locations were not random and could have a direct implication on the tumor progression process.
Alterations in genes involved in regulation of mitosis and DNA repair mechanisms may lead to a situation of so-called genomic instability, in which the integrity of the genome is at risk. The analysis of DNA CNAs may result in an appropriate strategy to understand tumor pathogenesis as well as to identify putative candidate genes to be used as diagnostic/prognostic markers or therapeutic targets of the disease.
